Abstract-As high dynamic range images are being used more widely, the need for good tone mapping operators (TMOs) i.e. methods for their conversion to low dynamic range images rises as well. In evaluation of results of TMOs objective image quality metrics are often used for practical reasons. Since these metrics only approximate perceptual evaluation, they are sometimes too sensitive to perceptually unimportant details. In this paper such sensitivities of three recent tone mapped image quality metrics are compared: TMQI, TMQI-II, and FSITM. These metrics have been chosen because they are the most appropriate objective quality metrics for the problem of tone mapping. The comparison is performed by using specifically designed tone mapped images to check the measures' susceptibility to perceptually unnoticeable changes in brightness of the resulting image. It is shown that while values of TMQI and FSITM are only slightly affected by such changes, the recent TMQI-II can obtain significantly different values, which brings into question its ability perform a fair TMO comparison. The results are presented and discussed.
I. INTRODUCTION
Images with high dynamic range (HDR) i.e. with a high ratio between the largest and smallest intensity are being more widely used with the advance of imaging technology [1] . Since most display devices still support only low dynamic range (LDR) images, there is a need for tone mapping operators (TMOs) i.e. for dynamic range compression methods that convert HDR images to their LDR versions. Tone mapping is a challenging problem and therefore many TMOs have been proposed so far. TMOs are global [2] - [10] if they handle same intensities in the same way across the whole image. On the other hand, if they handle intensities based on the content of their close neighborhood, then they are local [11] - [18] . The main characteristic of global TMOs is their speed and simplicity, while local TMOs are usually more complex and they produce better LDR images of higher quality [19] - [21] .
An important part in development of TMOs is the quality evaluation of their results and an accurate way to do that is to perform subjective quality assessment. However, due to a large number of existing TMOs, subjectively comparing a new TMO even with only state-of-the-art TMOs on a larger testing dataset becomes in most cases too slow and impractical. For this reason the objective image quality metrics have been introduced and currently they are often used to simplify and speed up the quality assessment of LDR images produced by a TMO. Since these metrics only approximate subjective evaluation, it can happen that they assess two very similar images very differently i.e. they are sometimes too sensitive to differences that the human visual system does not even notice. If in such cases only the values of these metrics are taken into account, then these differences can erroneously lead to wrong conclusions about the actual performance of different TMOs. For this reason it is important to check to what degree are some of the widely used metrics sensitive to such differences. In this paper three recent tone mapped image quality metrics are tested for such sensitivity: TMQI [22] , TMQI-II [23] , and FSITM [24] . They are chosen because they are the most appropriate objective quality metrics designed specifically for quality assessment of tone mapped images. The testing is performed by using specifically designed tone mapped images to check the measures' sensitivity to alterations of mean brightness of the resulting LDR images. It is demonstrated that for images with slight, but perceptually unnoticeable mean brightness differences the results of TMQI-II can be significantly different, while the values of TMQI and FSITM are affected on a much smaller scale, even in the worst case. This brings into question TMQI-II's practical usability and credibility in fair evaluation and comparison of quality of LDR resulting images produced by using different TMOs.
The paper is structured as follows: Section II describes three recent objective tone mapped image quality metrics, Section III gives the motivation for the comparison of their sensitivity to perceptually unnoticeable differences, in Section IV the comparison is performed and its results are presented and discussed, and Section V concludes the paper.
II. OBJECTIVE TONE MAPPED IMAGE QUALITY METRICS
Subjectively assessing the quality of LDR images obtained after carrying out tone mapping of the initial HDR images often results in good and relatively accurate comparison of performance of various TMOs. However, a large drawback of such subjective assessment is that it is slow and it usually takes a lot of time. It also makes TMO development based on measuring improvement over some other TMOs impractical due to the lack of automation. For this reason various objective quality metrics for tone mapped images have been introduced.
One of the widely used objective quality metrics that was also one of the first ones designed specifically for the purpose of objective quality assessment of tone mapped images is the Tone Mapped image Quality Index (TMQI) [22] . It evaluates the structural fidelity and statistical naturalness of a tone mapped image by comparing it to the original HDR image. The final result is a real number in range [0, 1] with a higher value meaning higher quality and vice versa. In [23] TMQI has been upgraded to TMQI-II, which is supposed to be its improved version and additionally there is an iterative procedure for improving an initially tone mapped image in terms of its TMQI-II value. Another recent metric is the Feature Similarity Index For Tone-Mapped Images (FSITM), which is based on local phase information of images and like TMQI-II it was also shown to outperform TMQI. If FSITM is combined with TMQI, it gives better results and for this combination the notation FSITM C TMQI [24] is used where C is a color channel. In the rest of the paper the green (G) channel is used because the authors have shown that its usage gives good results. The combination FSITM G TMQI was shown [25] to outperform both TMQI and TMQI-II as well. It should be mentioned that these three metrics are currently state-of-the-art in the area of objective quality assessment of tone mapped images. The main advantage of objective quality assessment over subjective quality assessment is that it can be used to automate the evaluation of the performance of a TMO.
However, since objective metrics only approximate perceptual subjective evaluation, there are possible cases where the comparison results obtained by objective and subjective quality assessment significantly differ. A particularly interesting case is when an objective metric is too sensitive to perceptually unnoticeable differences that should be disregarded. This is clearly a drawback because such and similar cases can erroneously lead to unfair comparison of even very similar TMOs. 
III. MOTIVATION FOR COMPARISON
The direct motivation for a comparison between sensitivities of different objective tone mapped image quality metrics were the observed significant fluctuations of TMQI-II values for the same images before and after slightly changing their mean brightnesses by multiplying them by a constant. An example is shown in Fig. 1 where the difference of image grayscale means is less than 5. By performing some additional similar experiments with manipulation of image grayscale mean, it becomes evident that TMQI-II is so susceptible to image brightness that it sometimes puts it before the content. If e.g. the mean image brightness is adjusted by introducing artificial content as in Fig. 2 and Fig. 3 , the values of TMQI and FSITM G TMQI decrease as intuitively expected, but the values of TMQI-II increase significantly despite a clear loss of information. The shown examples are not some rare, specially designed cases and similar results can be obtained for practically any other tone mapped images as well.
Since the shown examples with large content manipulations are highly unlikely to be encountered during development of new TMOs, the mentioned metrics' sensibility should be tested in more realistic conditions. Nevertheless, these examples can point in the direction of more suitable sensitivity tests. 
IV. EXPERIMENTAL RESULTS

A. Experimental setup
For further experiments the HDR images available at [26] were used. They were used mainly because they originate from different sources and some of them were even artificially generated, which means that altogether they cover a larger variety of HDR image types. The initial step before carrying out any other experiments was to tone map all of these images by applying Reinhard's TMO [13] implemented in the open-source Luminance HDR software with the same default parameters being used for all images. Reinhard's TMO was chosen mainly because it is a widely known and used TMO and it was shown to give high quality results. Results very similar to the ones described later in the paper could also be obtained by using some other TMO as well. If I 
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B , which were designed to have slight differences that are perceptually hardly noticeable or not noticeable at all like the ones in Fig. 1 . This effectively means that the values of a good objective quality metric for an image from set A and for its corresponding image in set B should differ only slightly. To check whether that holds for TMQI, TMQI-II, and FSITM G TMQI, the two mentioned sets were created for each of these metrics and the quality of the obtained images in them was evaluated by calculating these same metrics for them. Table I shows mean values of all objective quality metrics for sets A and B created to maximize the difference for specified metrics. It can be seen that in the individual metrics' worst case scenario of sensitivity to perceptually hardly noticeable differences only TMQI-II is significantly affected. To describe this better, Mann-Whitney U test [28] of the null hypothesis that the distribution of metric values for images in set A is identical to distribution of metric values for images in set B was performed for each metric's worst case. , and 0.0343, respectively, which clearly shows that TMQI-II is too sensitive.
B. Numerical results
Another experiment was performed to illustrate the problem more clearly. The initial HDR images were tone mapped by using Reinhard's TMO as was done earlier, but then each image was multiplied by a constant in order to set its mean pixel grayscale value to 1 and then the mean value of all metrics on these images was calculated. This was then repeated by setting the mean pixel grayscale value to every integer in interval [1, 255] . The obtained results were as shown in Fig. 4 .
C. Discussion
Although in some cases TMQI-II can fail drastically as demonstrated by Table I and Figures 1, 2 , and 3, this happens only when the mean grayscale value of a tone mapped image is near the steep parts of the TMQI-II curve shown in Fig. 4 . A possible abuse of this situation would be to include this knowledge into a TMO only in order to get a better TMQI-II score and thus seemingly outperform other TMOs. Another less malign case that does not involve including this knowledge into a TMO is when a new TMO accidentally happens to give more images with mean grayscale values favorably valued by TMQI-II than other TMOs do. Since TMQI and FSITM G TMQI do not suffer so seriously from this problem, they are probably a significantly better metric choice for evaluating different TMOs in order to determine which of them is supposed to produce results of higher quality. However, it should be mentioned that the results obtained by the iteratively improving an initially given LDR image to gradually improve its TMQI-II metric value [23] still gives high quality results.
V. CONCLUSIONS The sensitivities of several tone mapped image quality metrics to hardly noticeable and unnoticeable differences in images were compared. For two of them, TMQI and FSITM G TMQI, it was shown that this sensitivity is not so high. On the other hand, however, in the case of TMQI-II it was shown to be very high, which can represent a significant problem in practical applications of this metric. A conclusion that can be drawn from the presented experimental results is that for comparison of results of different TMOs it is better to use TMQI and FSITM G TMQI instead of TMQI-II.
